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Talc, a magnesium phyllosilicate, is used in many products, including paints, rubber, ceramics, 
cosmetics and plastics. Talc mineralization generally occurs in low-grade metamorphic 
conditions and requires a significant source of magnesium. Large amounts of Al, Ca, or K in the 
formational environment limit talc mineralization in favor of other minerals such as chlorite, 
tremolite and biotite. Formation processes, such as metamorphism or hydrothermal events, of 
the talc bodies control the inherent compositions and can dictate which impurities are present. 
This study focuses on a talc deposit near Alder, Montana, one of a series of high purity 
Precambrian deposits within this region. Petrographic results indicate that dolomitic marble was 
pseudomorphically replaced by talc. This implies that sufficient magnesium was supplied from 
the host rock and silica was supplied by the hydrothermal fluid. Relatively pure (>90% by XRD) 
talc samples have only trace amounts of Al, Ca, and K, and are very low in rare earth elements 
(REE), with generally flat chondrite-normalized REE patterns. For these samples, the most 
common accessory mineral is clinochlore. Acetic acid leachates from carbonate-rich units yield 
light REE enriched patterns and higher REE concentrations than the pure talc samples. Rare 
earth element patterns and concentrations suggest that the talc inherited its REEs from the 
carbonate during recrystallization from carbonate to talc. Sm-Nd isotope data from the carbonate 
samples define a linear trend corresponding to an age of 1.42±0.07 Ga, which is consistent with 
the inferred age of the hydrothermal event responsible for the talc formation. 
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1.0  INTRODUCTION 
1.1 PROPERTIES AND USES OF TALC 
Talc, Mg3Si4O10(OH)2, is a versatile phyllosilicate mineral with applications in industry 
agriculture, and consumer products, including but not limited to the manufacturing of paper, 
paints, plastics, rubber, cosmetics, and pharmaceuticals. Talc can form in either a compact or 
platy microcrystalline form, often as soapstone, a soft metamorphic rock composed primarily of 
talc with a massive or schistose texture (Klein and Dutrow, 2008). Talc has a trioctahedral “T-O-
T” structure with perfect cleavage on [001]. Talc has very little variation in chemical 
composition; small amounts of Al or Ti may substitute for Si and Fe may replace Mg. Talc is 
commonly associated with other silicate minerals such as amphibole, serpentine and chlorite, 
which are also magnesium silicates found mineralizing in similar environments as talc. If these 
minerals are present within the talc ore, they could cause contamination of products produced 
from the talc and affect the grade of talc. Talc is separated into three different grades; from 
lowest to highest, these are industrial grade, food grade, and cosmetic grade. Ultimately the talc 
grade is driven by the end-users’ requirements which include color or whiteness, particle size, 
mineralogy, absence of asbestos, and potentially any physical priority requirements for end use.  
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1.2 TYPES OF TALC DEPOSITS 
Talc commonly occurs in fault zones that cut mafic, ultramafic, and/or 
metamorphic rocks (Kesler, 1994). The temperature stability field for talc ranges from 
100°C to 700°C depending on the pressure. It mineralizes as a function of the availability of 
Mg during low-grade metamorphic or hydrothermal events. Talc can form by alteration of 
magnesium silicate minerals such as olivine, pyroxene and amphiboles, and is often found 
as a pseudomorph of these minerals.  The mineralogy of any given talc deposit is controlled 
by the nature of the protolith, fluid composition, and the temperature and pressure range 
during formation. Large amounts of Al, Ca, or K in the formational environment limit talc 
mineralization in favor of other minerals such as chlorite, tremolite and biotite (Greenwood, 
1998). The compositions of the rock units hosting talc often dictate which impurities are 
present within the talc. 
Talc generally mineralizes by one of four processes (McCarthy (2015)): (1) alteration of 
serpentinite (i.e., ultramafic origin talc); (2) hydration of mafic rock to 
serpentine, followed by subsequent alteration to talc-carbonate (i.e., mafic origin talc); (3) 
hydrothermal alteration of dolomitic host by silica-rich fluid (i.e., metasedimentary origin 
talc); and (4) alteration of siliceous dolostones to tremolite/actinolite followed 
by partial conversion to talc by metamorphism (i.e., metamorphic origin talc). The 
metasomatism of talc causes interaction that removes chemical components of the host 
rock and introduces new components through the fluids. This results in fewer mineral 
phases than during a dry metamorphic event due to the removal of key chemical components.  
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1.3 OBJECTIVE OF THESIS 
This project aims to investigate and further constrain the geologic processes that result in 
large body talc deposits through investigation of a talc unit in the talc mining district of 
southwest Montana. The purpose of this investigation is to explore the relationships of the talc 
with the surrounding rock bodies using strontium and neodymium isotope systems, along with 
other petrological and geochemical data gathered from thin section petrography, XRD, XRF and 
ICP-MS. These data allow us to form a more complete history of how the talc mineralized 
within this region, and to constrain about the fluids that would have been present in the system 
as well as the minerals that would have precipitated from these conditions.  
The importance of this study and others like it stems from debate over the past 40 years 
of the potential health effects of talc and its potential to be associated with hazardous asbestos 
minerals. Talc can occur in close proximity or cogenetically with asbestos minerals such as 
chrysotile, tremolite, actinolite, and anthophyllite due to similarity of mineralization 
environments and compositions.  However, talc formed by certain processes, such as 
hydrothermal alteration of dolomite (process (3) above), is much more likely to be free of 
impurities than talc formed via intermediated silicate minerals (e.g., processes (1) and (4), 
above). Thus, it is critical not only to characterize but to understand the petrogenesis of potential 
ore grade talc deposits.
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2.0  GEOLOGIC SETTING 
2.1 HISTORY OF MONTANA TALC INDUSTRY 
The talc deposits in Southwestern Montana contain some of the highest purity talc 
observed in the world. The region has three actively producing mines, along with many historic 
and prospective mines (Gunter et al., 2016). Whiter, purer talc is derived largely from dolomitic 
marbles rather than from ultramafic or mafic host rocks, because the former have fewer 
components, especially Al and Si, that can form other minerals within the talc. The talc from 
Montana is a high enough quality to meet all USP and CTFA requirements for cosmetic grade 
talc and usually does not require benefaction, thus reducing processing cost (Gunter et al., 
2016). The three actively producing mines in Montana lie within a region referred to as the “talc 
corridor” (Childs, 2016), and comprise the Yellowstone Mine located in the Gravelly Range, as 
well as the Regal and Treasure Mines located in the Ruby Range (Figure 1). Each of these mines 
has reserves of high purity talc in the millions of tonnes range and should continue to produce 
for decades to come (Cerino et al., 2007). The three actively producing mines have 
approximately ~18 million tonnes of talc reserves as of Dec. 2014 (Childs, 2016). In 2014, 
Montana was the leading supplier of talc within the USA, producing ~400KT out of a total of 
~550 KT from the USA (McCarthy, 2016). These mines were the first sources of soapstone talc 
mined within the United States (Grexa and Parmentier, 1979). Besides the three active mines, 
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there are several historic mine and prospects within the talc corridor that have produced 
many tons of talc in the past or are predicted to produce well into the future. 
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Figure 1: A) Geologic map of major terranes in the Wyoming Province. B) Geologic map of major mountain 
ranges with MMT and the Talc Corridor. (Modified from Roberts et al. 2002; Burger et al. 2004; Childs 2016 and 
references within). 
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2.2 GEOLOGY OF SOUTHWESTERN MONTANA 
The Montana talc corridor is located within the Wyoming Province, a region in 
northwestern Wyoming and southwestern Montana consisting of approximately 100,000 km2 of 
middle Archean craton (Figure 1, 2). The Wyoming province is split into three sub-provinces 
known as the Beartooth-Bighorn magmatic zone (BBMZ), the Montana metasedimentary terrane 
(MMT), and the Wyoming greenstone terrane (WGT) (Childs, 2016). Talc deposits located 
within the MMT are associated with dolomitic marble (Cerino et al., 2007).  
Within the MMT, dolomitic marbles are associated with minor calcite, chlorite, 
phlogopite and graphite (Brady, 2004; Cheney et al., 2004). Some calcite marbles with accessory 
minerals such as phlogopite, dolomite, forsterite, tremolite and apatite can also be found within 
the area (Berg, 1979). These calcitic marbles appear to be at a higher metamorphic grade than the 
dolomitic marbles with very little to no alteration and are not directly associated with the talc 
(Berg, 1979). Unaltered dolomitic non-talc marble is also seen in the MMT. These marbles, 
along with the talc deposits, are a part of the Cherry Creek metamorphic suite (Mann, 1960). The 
MMT contains isoclinal folds and metamorphosed ortho-quartzites with marbles, pelitic schist, 
granulite and quartzofeldspathic gneisses.  In the MMT, the metasedimentary rock package 
shows εNd consistent with intercratonic or cratonic margin setting (Frost et al., 2003), indicating 
that these rocks were deposited in either one large basin or several smaller basins at ~2.65 Ga. 
This supracrustal sequence appears to have been part of one or many back-arc basin(s) formed 
on or near the Wyoming Archean craton. 
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Figure 2: Geologic map of sample area including site location indicated by star. Red lines define area of talc 
corridor (Childs 2016). Purple - Metasedimentary marbles, gneiss, and talc schist. Orange - Boulder Batholith. 
Others - Phanerozoic sedimentary rocks. 
2.3 TIMING OF EVENTS IN MMT 
The Wyoming province has a complex tectonic and metamorphic history. Studies 
of metamorphic and detrital zircons have provided approximate dates for different tectonic 
and metamorphic events, including dates from U-Pb and Lu-Hf isotopic systems 
(summarized in Figure 3). The earliest detrital zircon dates from within the province suggest 
that deposition of sediments, specifically quartzite, was between 2.75 and 3.2 Ga, based on 
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a regional study conformably interbedded thin quartzites and paragneiss (Mueller et al., 
1998; Childs, 2016). Mueller and Cordua (1976) proposed the 2.7-3.2 Ga date based on 
a Rb-Sr isochron reported by James and Hedge (1980) and lack of zircons younger than 2.8 Ga. 
This date indicates the sediments would have to be deposited prior to the first metamorphic 
event at 2.75 Ga. The youngest detrital zircons indicate a maximum deposition age rather 
than a minimum depositional age (Roberts et al., 2002). A reinterpretation by Roberts et al. 
(2002) indicates that there is no isotopic evidence to support the MMT deposition before 2.8 
Ga, and they suggest that the 2.75 Ga event would have reset the Rb-Sr isochron reported 
by James and Hedge (1980) Roberts et al. (2002) suggest that the rocks within the 
MMT were deposited onto Middle Archean basement gneisses during the Late Archean to 
Early Proterozoic. This interpretation is supported by 40Ar-39Ar and 207Pb-206Pb ages of 
metamorphism obtained from biotite, amphiboles and garnets 
within the MMT reported by 
Roberts et al. (2002) and Brady et al. (2004).  
The first metamorphism (M1) is inferred to have occurred between 2.7 and 2.4 Ga. M1 was 
upper amphibolite to granulite grade, as indicated by a calcite-olivine-phlogopite ± tremolite 
assemblage (Anderson et al., 1990). Temperatures during M1 reached 645-745°C, but possibly 
as high as 700-800°C at ~0.2 GPa (Alcock et al., 2013; Anderson et al., 1990; Gerwin, 2006).  
During this time rocks experienced 2-4 generations of folding, which is still preserved in 
the talc-bearing marble units (Anderson et al., 1990). A second metamorphism (M2) took 
place at 1.82-1.81 Ga and 1.78 and 1.74 Ga. A δ18O study by Karasevich (1980) suggests that 
granitic intrusions were associated with the  ~1.8 Ga event (M2) in the Tobacco Root Range.  
Monazite U-Th-Pb ages from the southern Ruby Range indicate prograde metamorphism at 
1.83-1.81 Ga, and 1.78 Ga intrusion of an ultramafic magma (Alcock et al., 2013).  
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Subsequently, the area experienced emplacement of mafic dikes near 1.425 Ga, which 
led to a localized hydrothermal event. This event is thought to be responsible for much 
of the talc formation (Anderson et al., 1990; Brady et al., 1998). Both the Ruby and Tobacco 
Root Ranges are North and West of the Willow Creek deposit, inferring that these 
intrusions would have supplied the heat that mineralized the talc. These intrusion may 
have also caused the faulting and sheering that acted as conduits for the fluid that allowed 
talc to mineralize. The area remained relatively dormant except for deposition of 
Phanerozoic sediments and major uplift associated with Late Cretaceous Laramide 
orogeny caused major uplift (Burger, 2004).  
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Figure 3: Sequence of talc mineralization and other events in the MMT. Geologic timescale from Walker et al. 
(2012). 
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2.4 TECTONIC HISTORY OF MMT 
The Wyoming province experienced two pulses of Proterozoic extension at ~1.8-2.0 Ga 
and ~1.4-1.5 Ga. This second period of extension had much more of an effect on southwestern 
Montana than the first period of extension, which affected the eastern half of the Wyoming 
province. Near 1.5 Ga, rifting started in relation to the opening of the Belt basin to the northwest 
of the MMT. Some authors use the term ‘Pre-Belt’ to define the mafic and metamorphic rocks 
that form the crystalline basement for the middle Proterozoic Belt basin in the Dillion Tectonic 
Block of southwestern Montana which includes both Archean and Paleoproterozoic rocks 
(Childs, 2016). These ‘Pre-belt’ rocks consist of the calcite- and dolomite-rich marbles that were 
replaced in a volume by volume replacement with talc. The Proterozoic rifting allowed for the 
intrusion of mafic dike in parts of the MMT, in theory providing the heat for the system. N-S 
striking normal faults are present surrounding and passing through the ore bodies of the 
Yellowstone mine which provided the “plumbing” or fluid conduits for the talc mineralization 
(Cerino et al., 2007). Other faults with the same strike contain chlorite and possibly 
predate the talc formation (Cerino et al., 2007).  
Laramide uplifts within the Wyoming province are widely spread and discontinuous. In 
the MMT the uplifted blocks have a northwest-southeast trend and are bounded by reverse 
faulting. Frost et al. (2003) proposed that the Laramide orogeny reactivated the Archean 
basement structures. This suggests that either these Archean structures are more pronounced and 
weaker than those developed later during the Belt basin extension or that the Laramide created 
localized stress fields within the Wyoming province that were nearly parallel to already existing 
structures.  
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2.5 WILLOW CREEK DEPOSIT 
This study focuses on the Willow Creek deposit within the Dillion block in SW Montana 
(Figure 2). This region outside of Alder was extensively studied by Berg (1979). Mining ceased 
in 1979 and the mine was closed. At this site, Archean age marbles and hydrothermally altered 
talc ore is present.  The dominant lithology throughout the region of the Dillion block is a 
quartzofeldspathic gneiss (the Dillion Gneiss). Currently, two individual metamorphic events and 
a later hydrothermal event have been described and documented  (Alcock et al., 2013; Anderson 
et al., 1990; Berg, 1979; Gammons and Matt, 2002; Roberts et al., 2002). The main talc forming 
event was this later hydrothermal alteration (M3) of the dolomitic marble to talc (Anderson et al., 
1990). The large volumes of fluids needed for these reactions was most likely provided by 
connate brine waters pushed up from old sedimentary basin as the Belt Basin opened during the 
Laramide (Gammons and Matt, 2002). Another possible fluid source was Proterozoic seawater, 
although preliminary fluid inclusion data suggest that the NaCl content in the inclusions was too 
high to be sea water (Gammons and Matt, 2002).  
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3.0  METHODS 
3.1 SAMPLE COLLECTION AND INITIAL EVALUATION 
Thirteen samples were collected from the field site by M. Sanchez (RJ Lee Group), 
encompassing both the unaltered marble zone and the main talc zone (Fig. 4). Weathering and 
slump have reclaimed portions of the mine and the lower benches are no longer visible (Figs. 5, 
6). Seven samples were collected from main talc zone, two from the unaltered marble zone, one 
from the chloritic alteration zone, and one from outside the mine pit (Table 1). Samples were 
collected to represent the talc-containing rocks and were not always collected in place. 
Preliminary mineral identification was made using grain mounts in refractive index liquids. 
Suspect minerals were picked out and examined in R.I. liquids 1.400 – 1.700. These grain 
mounts help determine where thin sections were going to be made. Double polished thick 
(200 microns) and thin (30 microns) sections were made at Vancouver Petrographics LTD. 
Samples were examined using Leica petrographic microscopes. 
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Figure 4: View of Willow Creek pit. Sampling locations are indicated by stars. Sample WC-13 is not denoted 
on this map. 
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Figure 5: Images showing samples at collection. Ruler or pocket knife for scale. Please refer to Table 1 for more 
sample descriptions. 
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Table 1: Sample descriptions and mineral estimates by XRD. Additional trace minerals identified by thin sections. 
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Figure 6:  Field images of various locations from the mine. A) View from hanging wall of the pit. Footwall is composed 
of dolomitic marble and talc ore. B) Boulder of Dillion Gneiss with garnet or garnet relics. C) Banded gneiss boulder 
seen in lower boulder field. D) Talc with large pyrite crystals. WC-11 also contained pyrite but not with euhedral crystals 
of this scale.  E) Large boulder of marble with slickenlines in talc showing movement along fault surface. 
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3.2 MINERAL IDENTIFICATION BY XRD 
Mineral identification by X-ray Diffraction (XRD) was performed at RJ Lee Group, Inc. 
Samples were crushed using a McCrone Mill to reduce the sample into a sub-micron particle size 
powder. Approximately 15 grams of each sample were crushed, and the McCrone Mill was 
cleaned with isopropyl alcohol in between the crushing of each sample. A PANalytical X’Pert Pro 
Diffractometer using copper radiation equipped with an X’celerator RTMS (Real Time Multiple 
Strip) was used to carry out the XRD analysis using a silt size of 0.0635 at 40 mA and 45 kV over 
a full scan from 4-64° 2θ. Data reduction was performed using High Score Plus running COD, 
ICDD, and PDF+4 databases. 
3.3 GEOCHEMICAL ANALYSIS 
X-ray Fluorescence Spectroscopy (XRF) was performed on splits of the whole rock
powders for major and minor element at the Peter Hooper Geochemical Lab at Washington State 
University. A low (2:1) Li-tetraborate fusion preparation method was use, and the samples were 
run on a ThermARL X-Ray Fluorescence Spectrometer (Johnson et al., 1999). In addition to 
XRF, the Peter Hooper Geochemical Lab performed trace elemental analysis using ICP-MS on 
the whole rock powders. Samples were prepared using a low-dilution fusion with di-lithium 
tetraborate and analyzed on a Agilent 7700 ICP-MS with integrated sample introduction 
system (Johnson et al., 1999).  
Based on the data received from the above analyses, four samples with greater 
that 50% carbonate minerals were chosen for acetic acid leaching. A split of 500-1000 mg 
of powdered sample was mixed with 1 M acetic acid at an approximately 50:1 fluid-
rock ratio. Samples were set on a shaker table for eight hours. After being centrifuged (10 
min. at 4000 rpm), the dissolved carbonate fraction was pipetted off and 
evaporated to dryness, then redissolved in 2% HNO3. An aliquot of this solution was 
sent to Activation Labs (ActLabs) for analysis by ICP-MS for trace elements, and the 
remainder processed for Sr/Nd isotopes. 
3.4 ISOTOPIC ANALYSIS 
The leftover dissolved carbonate solution was spiked with tracer solution 
containing precisely known amounts of 87Rb, 84Sr, 147Sm, and 150Nd to determine concentrations 
by isotope dilution. Solutions were evaporated on a hot plate until dry and then reconstituted in 
1.5 N HCl. Separation of Rb-Sr and REE from the matrix was carried out using cation exchange 
columns, and Sm-Nd was separated from other REEs using columns containing LnSpec resin, 
eluted with dilute HCl.  
A Milestone Ethos UP microwave digestion system was used to dissolve pure talc 
samples and those with less than 10% carbonate. During this digestion HCl, HNO3 and HF were 
added to the samples and digested at 225°C for 30 minutes. Aqua Regia was then used to 
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dissolve any leftover fluorides from the samples. The samples were spiked with 
the Rb-Sr and Sm-Nd isotope tracers, and column separations were carried out 
as above.  
Once separated, solutions were evaporated to dryness. For Sr isotope 
measurement, approximately 500 nanograms (ng) of separated Sr were loaded in 2N HNO3 
with Ta oxide on a single rhenium filament. For Rb analysis by isotope dilution, 1-10 ng of 
Rb was loaded in 1.0 N HCl on a single Re filament. For Nd isotope analysis, approximately 
150 ng of Nd was loaded using 1.0N HCl on a double rhenium filament. For Sm analysis 
by isotope dilution, approximately 100 ng of Sm was loaded the same way as Nd. Samples 
were run on a Thermo-Finnigan MAT 262 multicollector thermal ionization mass 
spectrometer (TIMS) at the University of Pittsburgh. During Sr and Nd analyses, 
concentrations by isotope dilution were determined simultaneously with isotope 
compositions. For Sr isotope analyses, multiple standards of SRM 987 were run with each 
set of samples and all ratios corrected using these runs to a mean lab value of 0.71024. For 
Nd isotope analyses, La Jolla Nd standards were run repeatedly, yielding a calculated 
chondritic 143Nd/144Nd ratio of 0.511847. 
4.0  RESULTS 
4.1 FIELD RELATIONS AND MINERALOGY 
The deposit outside of Alder, MT known as the Willow Creek deposit was active for 
only a short period of time from 1970-1979 (Berg, 1979). The deposit today is 
unrecognizable from what it would have looked like during active mine operations (Figs. 4, 5). 
The original ore is no longer visible and only “pods” or “pockets” of talc are seen throughout 
the boulder field. The talc that is still in situ is present in thin laminated layers or fingers 
within the marble. Talc is also present in several hydrothermal thin veins, 5-10 cm thick. 
Apparent thickness of these 5-10cm talc veins could be meters thick depending on orientation. It 
is green-gray in color, platy, or in some cases microcrystalline. The talc contains evidence of 
slickenlines (Fig. 5E) indicating sheer fractures. These slickenlines appear only on the soft 
surface of the talc and could also be conduits for fluid movement. Other evidence for fluid 
movement includes the numerous fractures containing mineralized talc presented in the 
mine as large veins or veinlets, as well as the presence of quartz veins and veinlets throughout 
the mine and a possible calcite vein within the slumped material (M. Sanchez, 
personal communication). The contact between the talc and the carbonate banded marbles 
is gradational. The fresh surface of the marble is white with pockets of a platy mineral, 
either biotite or chlorite, while the weathered surface is reddish. 
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This is can best be seen in the field photo of WC-7 (Fig. 6B) where the fresh surface and 
weathered surface can both be seen. Waste material is still present on the lower benches but 
none of it is in place in the inferred upper benches of the pit. The far side of the pit still has 
evidence of the paragneiss reported to be on the hanging wall by Berg (1979). Within the 
waste material, two boulders were observed which could possibly be the Dillion Gneiss (Fig. 
5B, C). In one boulder (Fig 5B), relic garnets were observed within a gneissic matrix; in the 
other (Fig. 4C) tightly folded gneissic banding was observed with the pinkish mineral 
being reported as feldspar (M. Sanchez, personal communications). The position of each 
sample collected for this study is shown in Figure 4. The only sample not present on this 
map is sample WC-13, as it was not collected in the pit. Samples WC-2 and WC-3 are 
from mineralized veins not associated with the talc; these veins consist primarily 
of sepiolite and were not analyzed any further in this study.  These sepiolite 
occurrences were only observed in the marble units and it is unknown if they cross cut the talc.
The overall mineralogy, in which the great majority of the samples were either talc or 
dolomite, is summarized in Figure 7 and Table 1. The mineral percentages reported are based 
on XRD and thin section observations; individual XRD scans are provided in Appendix A. 
Six samples contained >70% talc. In these samples, accessory minerals were mainly chlorite 
and/or clinochlore. WC-1 also contained clinopyroxene as an accessory mineral. Four samples, 
WC-5, 7, 8 and 11, were chosen for leaching based on their relatively large 
carbonate (dolomite and calcite) component. WC-11 also contained small amounts of pyrite 
observed by thin section and XRD. An example of talc-associated pyrite from the lower bench 
boulder field is shown in Figure 5D, except this sample has larger euhedral crystals than 
those in WC-11. Sample WC-11 may represent the contact between the talc and carbonate 
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Figure 7: Overview of mineralogy as determined by XRD. Additional minerals were observed by thin section 
but with concentrations too low to detect by XRD. Please refer to Table 1 for these minerals. Additionally refer to 
Appendix A for XRD scans. 
units. In thin section, the boundaries between the talc and the carbonate were sharp (Fig 8C). In 
some cases, the original rhombohedral shape of the carbonate was maintained but in most cases 
the talc is seen as a veinlet texture infiltrating between the carbonate grain boundaries. This 
pattern was observed in larger scale at the mine. Samples WC-7, WC-8, and WC-5 were 
dominated by carbonate minerals (primarily dolomite) as determined by XRD. Samples 
WC-7 and WC-8, which were located outside of the talc ore zone (Fig. 4), contained 
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massive lizardite usually in association with olivine. This lizardite occurrence was restricted to 
these samples and was detected by XRD and thin section. WC-7 also still preserves forsterite 
olivine with lizardite replacing the olivine rims (Fig. 8B). WC-5 and WC-7 also contained 
small amounts of biotite. Olivine, lizardite and biotite were found mainly in association with 
the dolomitic marble. In contrast Berg (1979) reported these minerals within the calcitic 
marble. This study did not find any evidence of these minerals within the calcitic marble. 
WC-6 was collected from the dark waste material within the mine, and is not in situ. This 
sample contains more than 90% chlorite and clinochlore with only about 10% talc present. In 
thin section, less than 1% monazite can be seen, which would be not be enough to be 
detected by XRD. 
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Figure 8: Thin section petrographic photomicrographs. A) Relic olivine grains surrounded by carbonate. B) 
Relic olivine grain completely replaced by serpentine and surrounded by carbonate. C) Vein talc between 
carbonate grains. 
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4.2 MAJOR AND TRACE ELEMENT VARIATIONS 
Whole rock major element compositions of the samples from this study are 
presented in Table 2.  To illustrate the compositional endmembers, the combined values of FeO
+MgO+CaO are plotted against SiO2 + Al2O3 for all samples in (Fig. 9). Samples that are
predominantly carbonate (WC-5, 7, 8 and 11) plot together to define one endmember, and the 
others plot in a trend extending from a mafic-intermediate silicate endmember toward the 
carbonate-rich endmembers.  Interestingly, the two silicate-rich samples that extend the most 
toward the carbonate endmembers (WC-6 and WC-10) do not have XRD-detectable carbonate 
(Fig. 7).  These samples also contain anomalously high contents of Th and U (Table 3). 
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Table 2: Major element composition (in wt. %) of rocks and leachates analyzed in this study 
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Figure 9: Major elements of carbonate rich vs. silicate rich whole rock samples. Carbonate is in blue 
diamonds and silicate is in green circles. 
Table 3: Concentration of selected trace elements (in ppm) of whole rock and acetic acid leachates. REE 
reported in Table 4. 
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The major element compositions of the acetic acid leachates are dominated by CaO and MgO, 
with subordinate FeO, MnO, and SiO2.  This is expected, as the acetic acid primarily targets 
carbonate phases (dolomite and calcite).  When the Ca2+, Mg2+, Fe2+, and Mn2+ are assumed to 
complex with CO3 as carbonate phases, the totals for the leachates come up 4-28% short of the 
expected mass based on the weight of the residue after leaching (see CO2 calculation in Table 2). 
The cause of this discrepancy is not known, but it could be due to uncertainty in the residual 
mass after total evaporation of the leachate.  To be consistent, all major and trace element 
concentrations of the leachates reported here are based on the apparent mass leached, rather than 
the calculated totals. 
4.3 RARE EARTH ELEMENTS 
Whole rock and leachate rare earth element (REE) data are reported in Table 4. The 
whole rock chondrite-normalized REE patterns (Figure 10) show negative Eu anomalies, which 
are also present in Early Proterozoic metapelites from other areas within the MMT (Roberts et 
al., 2002). This anomaly is presumably inherited from the protolith which is why it is so wide 
spread in this region. Three of the four carbonate-rich samples (blue squares) show enrichment 
in light REE compared to heavy REE, while most talc-rich samples have fairly flat 
signatures. WC-6 (top pattern in Figure 10) is almost pure chlorite and very enriched in 
REEs compared to the other samples within the data set. This enrichment could be due to the 
presence of accessory monazite, which is highly enriched in light REE (Rubatto et al., 2001; 
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Table 4: Concentrations of rare earth elements (in ppm) of whole rock and acetic acid leachates. 
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Figure 10: Chondrite-normalized whole rock REE patterns. Curves are labeled using samples numbers 
without location tag (WC-_). 
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Schaltegger et al., 1999). This would also be consistent with the high Th and U in this 
sample (Table3).  
In contrast to the other three carbonate-rich samples, WC-11 is enriched in the heavy 
REE and depleted in light REE, although it has a similar negative Eu anomaly. This pattern is 
mirrored by silicate-talc sample WC-10, although the latter shows a small enrichment in the 
lightest REE. These two samples do not have any similarities in mineralogy but are both 
located in the main talc zone. For the carbonate-rich samples, the REE patterns of the leached 
carbonate are similar to the whole rock patterns (Fig. 11). 
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Figure 11: Chondrite-normalized HOAc leachate REE patterns. Curves are labeled using sample 
number without location ID (WC-_). 
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4.4 RADIOGENIC ISOTOPES 
Rubidium-strontium and samarium-neodymium isotope data from the carbonate samples 
are presented in Table 5. Sm-Nd data were obtained from three samples, and Rb-Sr data from 
two. A plot of 147Sm/144Nd vs. 143Nd/144Nd (“isochron plot”, Fig. 14) yields a linear correlation 
corresponding to an age of 1.42 ± 0.07 billion years (Ga), and an initial εNd(T) value of -18.1. 
The Rb-Sr data do not yield a meaningful isochron, and initial (1.42 Ga) 87Sr/86Sr values 
(0.72351 and 0.76373 for WC-5 and WC-8, respectively) vary significantly. 
Table 5: Rb-Sr and Sm-Nd isotope data from carbonate leachates. 
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Figure 12: Comparison of whole rock and carbonate leach REE patterns for HOAc leached 
samples.
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5.0  DISCUSSION 
5.1 PARAGENESIS 
The five samples containing relatively pure talc and low levels of SiO2 and Al2O3 (WC-1, 
9, 10, 12 and 13) yield REE patterns that are strikingly similar to each other, including slight 
negative Eu anomalies in four of them (Fig. 10), indicating that the talc all formed from the same 
source and event. This suggests that either 1) the talc inherited its major and trace elements from 
a relatively uniform carbonate source, or 2) that REE and talc components were transported with 
the hydrothermal fluid. The uniformity of the carbonate REE can be evaluated by the REE 
patterns of the carbonate leachates; three of these (the most dolomitic) have similar patterns, 
while the calcite-rich leachate (WC-11) shows a significantly different slope (Fig. 11). However, 
the three leachates that were analyzed for Sm-Nd isotopes, including WC-11, define an isochron 
that is entirely consistent with the inferred age of hydrothermal talc formation, suggesting that 
they were isotopically homogenized during this event.  This implies at least meter-scale 
communication during the episode of talc formation, most likely facilitated by hydrothermal 
fluids.  Moreover, the observation that carbonate from both the altered and unaltered zone yields 
similar εNd(T) values suggests that the carbonate itself is the source of the REE (and of the Mg 
for talc), rather than an overprinting hydrothermal fluid. The negative Eu anomaly was most 
likely inherited from the carbonate source. 
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Brady et al. (1998) measured δD and δ18O values from three deposits also within the talc 
corridor, including the Treasure and Regal Mines (Fig. 3). Their study indicated that the talc was 
out of isotopic equilibrium with the surrounding host carbonate, and they concluded that the 
hydrothermal events were localized within specific fault zones. The REE patterns present in this 
study suggest that talc samples from different parts of the Willow Creek Mine are actually in 
equilibrium with each other, potentially homogenized by the same hydrothermal event. 
5.2 SOURCE OF TALC COMPONENTS AND FLUID 
Basinal or connate water(s) from the Belt Basin and/or Lemhi Subbasin are likely the 
most important fluids for the formation of talc in Southwest Montana (Brady et al., 1998; 
Underwood, 2016).  To look at the carbonate as a potential source for the talc mineralizing 
components we used samples WC-7 and WC-8 from the unaltered marble zone (Fig. 4) as 
examples of the marble before the talc event occurred, and compared these samples to our 90% 
or greater talc samples (Fig. 13). The talc is significantly depleted in light REE and/or enriched 
in heavy REE compared to the carbonate.  At present, the equilibrium partitioning of REE 
between carbonate minerals and talc at hydrothermal temperatures is not known, but these data 
suggest that the lighter REE with their larger ionic radii are excluded more strongly than heavier, 
smaller REE from the octahedral Mg site in talc. Conversely, the light REE may be accepted 
more readily into the carbonate lattice relative to talc. 
39 
Figure 13:  REE patterns of four talc pure samples normalized to the average carbonate fraction 
pattern of two unaltered marble samples. 
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Gammons and Matt (2002) studied fluid inclusions in quartz associated with talc from 
two nearby deposits: Yellowstone and Cadillac. They determined that the hydrothermal 
fluids were highly enriched in CaCl2 and roughly 7x saltier than modern seawater. They 
concluded that the deposits were formed by regional fluid migration due to Proterozoic 
rifting in association with the opening of the belt basin. This fluid composition is 
consistent with the findings of Migdisov et al. (2016) in their experimental REE mobility study 
within hydrothermal fluids.  
These experimental data showed that chloride was one of the main ligands responsible 
for the transport of REEs in hydrothermal solutions (Migdisov et al. 2016). This study also 
noted that chloride species fractionate LREE more than HREE, meaning that LREE are more 
readily leached and transported within chloride rich hydrothermal fluids when compared 
to HREE (Migdisov et al. 2016). This is the opposite effect we see within our patterns, where 
the HREE are preferentially extracted out of the carbonate. This again argues that the 
HREE were preferentially extracted by talc over the LREE compared to carbonate.  
The crack-seal veins of quartz within the Willow Creek suggest cyclic buildup of fluid 
pressure during the faulting activity. If there was extra silica in the fluid during the talc-
forming event, it could have been pushed out into these veinlets to form the quartz 
veins (Collettini et al., 2009). Thus, the quartz fluid inclusions studied by Gammons and Matt 
(2002) would be directly related to the faulting event and hydrothermal fluid movement that 
mineralized the talc. Collettini et al. (2009) also noted that in the presence of silica-rich fluids, 
precipitation of calcite and talc could be caused by stress-induced dissolution of dolomite. In 
the Willow Creek deposit, calcite could be considered a byproduct of the recrystallization of 
dolomite to talc according to following the following reaction: 
41 
3 MgCa(CO3)2 + 4 SiO2 + H2O = Mg3Si4O10(OH)2 + 3 CaCO3 + CO2 (1) 
    dolomite           silica                    talc                        calcite 
In summary, we suggest that talc in the Willow Creek Mine formed during 
a hydrothermal event in which dolomitic carbonate reacted with fluids, liberating its 
magnesium to form talc. The talc inherited its rare earth elements primarily from the carbonate, 
while the silica needed for talc formation was carried into the system by the fluids. As talc 
mineralized excess calcium carbonate was crystallized as calcite. The presence of pyrite in the 
lower benches of the deposit suggest that there was extra iron in the system. The extra iron 
and the slight enrichment in LREE signal that the talc formed in a near-surface reducing 
supergene environement (Cerino et al., 2007; Migdisov et al., 2016).  Near surface 
mineralization produces acidic solution and carries them downward in the system and 
reprecipates sulfides. 
5.3 EVENT TIMING 
Two stages of talc mineralization are thought to have contributed to the Willow 
Creek deposit (Anderson et al., 1990; Roberts et al., 2002). The first was a retrograde 
metamorphic event (M2) at ~1800 - 1700 Ma, and the second a later hydrothermal event (M3) 
(Brady et al., 2004; Roberts et al., 2002). This study did not find any isotopic or 
geochemical evidence to support the earlier event at ~1700 Ma, which was originally 
thought to be preserved in the calcitic marble. Olivine relics within the dolomitic marbles 
were the only indication of high metamorphism and replacement.  It could be possible that 
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this event is only evident in the minerals of the Dillion Gneiss, which has been extensively 
studied (Anderson et al., 1990; Berg, 1979; Brady et al., 1998; Cerino et al., 2007; Cheney et 
al., 2004; Garihan, 1979; Roberts et al., 2002). 40Ar/39Ar from muscovite in the nearby 
Ruby Range supports this regional hydrothermal event, but the fluid evidently did not 
reach a high enough temperature to reset biotite and hornblende ages (~300°C and ~550°
C, respectively) (Brady, 2004; Brady et al., 2004; Rollinson, 2014) 
Sm-Nd isotope data (Figure 14) from the carbonate samples define a linear trend 
corresponding to an age of 1.42±0.07 Ga, which is consistent with the inferred age of 
the hydrothermal event responsible for the talc formation. This isochron is anchored by a 
calcitic marble point; which suggest that calcite mineralized during the same period as 
the talc. Previously calcitic marbles were thought to be older than the talc-forming event, 
but this study indicates otherwise. Another indication that the calcite is younger than 
the dolomite is that olivine, lizardite, and biotite were only noted in the dolomitic marble 
and not in association with the calcite.  
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Figure 14: Sm-Nd isochron of the carbonate leachate. High 143Nd/144Nd  -  147Sm/144Nd 
samples contains a high proportion of calcite, while the other two samples are dolomitic. 
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6.0  CONCLUSIONS 
High purity talc mines southwestern Montana have provided and will continue to provide 
the majority of the United States talc; active mines are currently producing up to 400 KT of talc 
per year.  This study provides petrographic, geochemical and isotopic constraints on the 
processes and timing of talc-forming events in the now-closed Willow Creek mine near Alder, 
Montana. The talc mineralized zone lies within a larger unaltered dolomitic marble complex. 
Petrographic study shows evidence of fluid flow and replacement of carbonate with talc, 
suggesting that the talc formed at the expense of pre-existing dolomitic marble.  A samarium-
neodymium (Sm-Nd) isochron from carbonate within and outside of the talc-mineralized zone 
yields an age of 1.42±0.07 Ga, which is consistent with previous estimates of the age of talc 
mineralization.  This suggests that the carbonate was the major source of Sm and Nd (and 
therefore of other rare earth elements) that were distributed among the talc and residual 
carbonate, and that the talc formed (and obtained its Mg) primarily by a reaction with dolomite 
in which calcite is a by-product. Similar εNd between the altered and unaltered carbonate 
indicates that REEs came from carbonate and were not a hydrothermal fluid overprint. 
I conclude that the petrogenesis of the Willow Creek talc deposit would conceivable 
minimized the mineralization of coexisting asbestiform minerals. 
 Most of the high-purity talc samples yield relatively flat chondrite-normalized REE 
patterns while the dolomitic marble is enriched in light REE. If the dolomite and talc were in    
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equilibrium (via hydrothermal fluid) during the talc-forming event, this would imply that talc 
has a stronger preference for the heavy REE (and/or excludes light REE) relative to carbonate. 
The hydrothermal fluid would have been a silica-rich, acidic fluid most likely sourced from 
basinal brine. Nearby intrusion into the Ruby and Tobacco Root mountains would have supplied 
the heat and faulting throughout the area provided conduits for the fluid movement.  
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APPENDIX A 
XRD SCANS 
47 
Scan 1: XRD Scan of WC--1
48 
Scan 2: XRD Scan of WC-4 
49 
Scan 3: XRD Scan of WC-5 
50 
Scan 4: XRD Scan of WC-6 
51 
Scan 5: XRD Scan of WC-7 
52 
Scan 6: XRD of WC-8 
53 
Scan 7: XRD Scan of WC-9 
54 
Scan 8: XRD Scan of WC-10 
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Scan 9: XRD Scan of WC-11 
56 
Scan 10: XRD Scan of WC-12 
57 
Scan 11: XRD Scan of WC-13 
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APPENDIX B 
MINERAL PROPERTIES 
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Table 6: Properties and formulas of observed minerals. 
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